Hydrogen metabolism is closely related to other important metabolic and energetic processes of bacterial cells, such as photosynthesis, anaerobic respiration and sulphur metabolism. Even small environmental changes influence these networks through different regulatory systems. The presence or absence of oxygen is one of the most important signals; how the cascades evolved to transmit this signal in different bacteria is summarized. In many instances, hydrogen is released only under anoxic conditions, because of bioenergetic considerations. Most [NiFe] hydrogenases are inactivated by oxygen, but many of them can be re-activated under reducing conditions. In addition to direct inactivation of the hydrogenases, oxygen can also regulate their expression. The global regulatory systems [FNR (fumarate and nitrate reduction regulator), ArcAB (aerobic respiratory control) and RegAB], which respond to alterations in oxygen content and redox conditions of the environment, have an important role in hydrogenase regulation of several bacteria. FNRlike proteins were shown to be important for the regulation of hydrogenases in Escherichia coli, Thiocapsa roseopersicina and Rhizobium leguminosarum, whereas RegA protein modulates the expression of hupSL genes in Rhodobacter capsulatus.
Introduction
Availability of O 2 and the redox state of the cells are important regulatory signals for facultative, particularly for obligate anaerobic bacteria. Various one-or two-component sensor/regulator systems control the expression of routes towards aerobic or anaerobic metabolism in response to oxygen. These systems respond either directly to O 2 or to the consequences imparted by O 2 . In anaerobic, phototrophic, purple sulphur and non-sulphur bacteria, the presence of oxygen is toxic under light because of the reactive oxygen species. Therefore complex and parallel networks have been developed to repress the operons involved in formation of the photosynthetic apparatus either by direct repression of the operons or by abolishing their activation [1] . In other systems, where the energy conservation is maximal in the presence of oxygen (e.g. Escherichia coli), the enzymes involved in different anaerobic metabolic pathways can only be expressed in the absence of oxygen. Decreasing the oxygen tension up-regulates the expression of genes coding for the enzymes involved in anaerobic metabolisms and represses operons required for the aerobic metabolisms [2] . Enzyme complexes sensitive to the presence of oxygen (e.g. nitrogenases) are usually not expressed in an aerobic environment [3] .
The types of transcriptional regulatory mechanisms responding to the absence or presence of oxygen are quite diverse. These cascades sense various signals (oxygen, redox or metabolism changes), through various routes (using [Fe-S] clusters, intramolecular disulphide bonds or haem), and control different, but sometimes overlapping target genes [4] .
The ability of microbes to take up or to evolve H 2 is usually a facultative trait. Therefore it is well designed from a bioenergetic point of view that hydrogenases are predominantly synthesized when their substrates are available. According to the physiological role of a hydrogenase, this requires various regulatory mechanisms with well-defined function. This review focuses on the role of oxygen in anaerobic regulation of hydrogenase gene expression.
Global transcription factors respond to anaerobiosis
One of the oxygen sensors, FNR, which is probably the most prevalent anaerobic regulator, designates the fumarate and nitrate reduction regulator in E. coli, as fnr mutant strains were unable to reduce nitrate and fumarate under anaerobic conditions [2] . It was shown by DNA microarray technology that the transcript level of one third of the genes expressed during aerobic growth were altered when E. coli cells were switched to the anaerobic growth state and that the expression of 49% of these genes were either directly or indirectly modulated by FNR [5] . It was found in Enterobacteriales, Rhizobiales, Pseudomonadales, Rhodobacterales, Burkholderiales, Vibrionales, Alteromonadales, and also in Gram+ bacteria, such as Lactobacillales and various Bacillus strains. The FNR of E. coli shows high similarity to CRP (cAMP receptor protein) and it belongs to the CRP-FNR family of transcriptional regulators. Members of this family have similar structures: an N-terminal domain, which is involved in triggering, and a C-terminal DNA-binding domain, which carries a DNA recognizing helix-turn-helix motif. The DNA-binding domain is similar within this family, although FNR-type proteins can be distinguished from the CRP-type ones by the conserved amino acids in the helixturn-helix motif [6] . FNR is present in E. coli roughly in the same concentrations under aerobic and anaerobic conditions, therefore the control must be exercised by changes in the functional state of the protein [7] . FNR possesses Fe-S clusters and may be in three functionally different forms: dimeric [4Fe-4S] · FNR, monomeric [2Fe-2S] · FNR and apo-FNR [8] . The [2Fe-2S] · FNR cluster and, finally, the apo-FNR are the products of O 2 inactivation, whereas the activity of FNR is converted into the [4Fe-4S] · FNR form with the assistance of cysteine desulphurase. The NifS (nitrogen fixation) and IscS (iron sulphur clusters) cysteine desulphurases, first described in Azotobacter vinelandii and also found in a wide range of bacteria, participate in the sulphur transfer from cysteines to the Fe-S cluster. The Isc pathway was identified to be the major route for Fe-S biogenesis in mitochondria of yeast and higher eukaryotes, as well [9] . The active homodimeric FNR with [4Fe-4S] clusters binds to its target sequences (TTGAT-N 4 -ATCAA) with high affinity, whereas, on the action of O 2 , it disintegrates into monomers (with the concomitant formation of [2Fe-2S] clusters), which has low DNA-binding affinity [10] .
The ArcA and ArcB (aerobic respiratory control) twocomponent system controls the transcription of genes in the absence of oxygen in E. coli. Mutations in arcA or arcB are known to affect the expression of more than 30 operons. Most of them (flavoprotein-type dehydrogenase, enzymes of tricarboxylic acid cycle, glyoxylate shunt and fatty acid degradation pathways) are anaerobically repressed, but two of them [cydAB (cytochrome d oxidase) and pfl (pyruvateformate lyase)] are activated by ArcA ∼ P [11] . ArcA is a response regulator with a typical N-terminal receiver domain and a C-terminal effector domain containing a helix-turnhelix DNA-binding motif [11] . ArcB is a membrane-bound histidine sensor kinase, which has both transmitter and input domains. The ability of ArcB to autophosphorylate and to transfer the phosphorus group to ArcA is regulated by quinones. Oxidized forms of quinones act as direct negative signals that inhibit autophosphorylation of ArcB during aerobiosis [12] .
In R. capsulatus and R. sphaeroides, a two-component system, namely the regulator RegA (in R. capsulatus)/PrrA (in R. sphaeroides) and the kinase RegB (in R. capsulatus)/PrrB (in R. sphaeroides), is involved in the regulation of the anaerobic metabolism. These are functionally similar to but distinct from the ArcAB system. The RegAB system influences the expression of genes required for photosynthesis, CO 2 fixation, nitrogen fixation, DMSO reductase, hydrogenase and different types of oxidases [13] . One common theme of the genes, whose expression is controlled by RegB and RegA, is that they all affect the redox state of the cell. The RegA Nterminal domain, with a typical receiver domain, is linked by a short hinge to a very short C-terminal effector domain that contains a sequence having a helix-turn-helix-type DNAbinding motif [14] . RegB is a membrane protein and its N-terminus contains six hydrophobic regions that constitute six potential membrane-spanning domains, an important feature to sense and transduce the stimulus in vivo, but not required for autophosphorylation [15] . Both the kinase and phosphorylation activities of the RegB protein are essential for the normal in vivo regulation of the RegA-controlled promoters, since phosphorylation of the response regulator determines its transcriptional activity [15] . The regA and regB (also the prrA and prrB) genes are transcribed in opposite directions and are separated by a third gene known as senC in R. capsulatus and prrC in R. sphaeroides [16] . The PrrC provides signal for RegB depending on the electron flow through the cytochrome cbb 3 oxidase [17] . The dual function of the cbb 3 oxidase as both terminal oxidase and O 2 sensor represents a novel mode of redox sensing.
Regulation of hydrogenases
In a few special organisms (e.g. methanogens), whose metabolism is strictly adapted to H 2 activation, hydrogenase is synthesized constitutively [18] . In other cases, the expression of hydrogenases is dependent on various environmental signals. Some hydrogenases are expressed in the presence of H 2 and are regulated through an H 2 -sensing signal-transduction cascade [19] or by other unknown mechanisms [20] . The other factor responsible for the regulation of several hydrogenases is the anaerobic environment [21] . In Ralstonia eutropha, hydrogenases are expressed in the presence of oxygen and are regulated by various carbon sources in addition to H 2 [19] . The hydrogenase operon of Rhizobium leguminosarum is up-regulated under nitrogen-fixing conditions through the NifA protein, whereas the hyp accessory genes are regulated by anoxic conditions through FnrN [22] . Metabolism of the cells can also regulate the expression of hydrogenases: the Fe hydrogenase of Clostridium acetobutylicum is expressed under fermentative, phosphate-limited conditions and the [NiFe] Hyc hydrogenase of E. coli is regulated by formate, carbon/phosphate limitation or molybdenum [23, 24] . The availability of different metals, found in the active centre of a given hydrogenase, can regulate expression: the [NiFeSe] hydrogenases (Vhu and Fru) of Methanococcus voltae are expressed constitutively, whereas the [NiFe] hydrogenases (Vhc and Frc) are negatively regulated by Se [25] . The Ni also affects the expression of the Hox and Hup hydrogenases of different Nostoc species [26] . Finally, the circadian clockcontrolled expression of hoxEF and hoxUYH operons of Synecococcus sp. PCC 7942, which code for a pentameric soluble hydrogenase, was also described previously [27] .
Role of oxygen and redox state in hydrogenase regulation
Most [NiFe] hydrogenases are inactivated by oxygen, but many of them can be re-activated under reducing conditions ( [28] and the references therein). Availability of O 2 is one of the important regulatory signals in facultative anaerobic bacteria [29] . These microorganisms have evolved intricate signal-transduction mechanisms for responding to this factor [2] . Oxygen can affect gene expression through various mechanisms. The hya (hydrogenase 1) and hyb (hydrogenase 2) operons, coding for E. coli membrane-bound hydrogenases, are regulated by oxygen. In this case, the effect of oxygen is mediated by global anaerobic regulators, FNR and the ArcAB systems [30] . FNR was also shown to act at the hypA internal promoter of E. coli and activates the hypBCDE expression under anaerobic conditions [31] . Two FNR-binding sites were identified and both sites are required for maximal expression in vivo. In vitro methods suggested that the primary interaction occurs at the downstream FNR site. Two FNR-binding sites were also shown to be important for the expression of the hyn operon in Thiocapsa roseopersicina (Á.T. Kovács, G. Rákhely, D.F. Browning, A. Fülöp, G. Maróti, S.J.W. Busby and K.L. Kovács, unpublished work). The two binding sites were located 80 and 41 bp upstream of the transcriptional initiation site. Reporter fusion constructs and in vitro transcription experiments proved that FNR modulates expression when binding to the distal FNRbinding site, whereas expression is mainly regulated at the proximal binding site (Figure 1) . Interestingly, the binding ability of FNR to the distal site depends on the functional proximal site. FNR also plays an important role in the formation of active hydrogenase in Rhizobium leguminosarum [32] . In Bradyrhizobium japonicum, the hupSL hydrogenase is regulated in the free-living form through a hydrogensensing system, whereas, under symbiosis, the hydrogenase is regulated by microoxic conditions through the FixLJ and FixK 2 proteins [33] . In addition to the hydrogendependent positive regulation of the hupSL hydrogenase in R. capsulatus, the operon is repressed by the RegAB system [34] . Therefore this operon is regulated not only by the availability of hydrogen, but also by the general redox status of the cells. Transcription of the hox operon, coding for a bidirectional cytoplasmic hydrogenase in Nostoc species, is regulated by oxygen [26] . Although more and more regulatory mechanisms of the hydrogenase expression are identified, there are still gaps in our understanding of anaerobic hydrogenase biosynthesis.
